Hemolymph from partially fed virgin D. variabilis females was collected following B. burgdorferi challenge and assayed for antimicrobial activity against Bacillus subtilis and the Bo"elia burgdorjeri. A small inducible cationic peptide was identified by SDS-P AGE in the hemolymph of these ticks as early as 1 h post-challenge. Following purification by a three step procedure involving sequential SepPak elution, reversed phase high performance liquid chromatography (RP-HPLC) and gel electrophoresis, the yield of the active peptide was approximately 0.1% of the total protein in the hemolymph plasma. The molecular weight, 4.2 kDa, was determined by MALDI-TOF mass spectrometry. N-terminal sequencing by the Edman
Introduction.
Ticks transmit a greater variety of infectious microorganisms to vertebrates than any other group ofhematophagous arthropods (Sonenshine, 1993 ). However, they are able to eliminate infection with non vector-transmitted microbes, e.g., Bacillus subtilis or Escherischia coli (Johns et al.1998 (Johns et al. , 2000a Kovaf · et al.2000; Koparek et al. 1999; Kryuchechnikov, 1991; Kuhn and Haug, 1994) . If ticks, like other invertebrates, have an immune system, how are they able to harbor the numerous infectious microbes that live in their tissues without demonstrable injury?
Aside from brief reports ofhemolymph lysozyme (Kuhn and Haug, 1994; Podboronov, 1991) , lectins (Grubhoffer et al., 1991) and the evidence for unspecified peptides (Johns et al. 1998; 2000a) , no information is available concerning antimicrobial proteins in tick hemolymph, whether they are inducible or constitutive, or whether there are bacterial group-specific antimicrobial proteins. How the bacteria survive in the presence of these immune challenges, how long they survive, the percentage of surviving bacteria that invade nearby tick organs and other aspects of the dynamics of spirochete passage in the ticks has received little attention.
Phagocytosis of invading Borrelia burgdorferi has been reported in the deer tick, lxodes scapularis (Coleman et al., 1997) but no evidence ofbacteriolysis has been reported.
In the American dog tick, Dermacentor variabilis, introduction of bacteria into the hemocoel provokes a robust antimicr~bial response, such that most species of bacteria are destroyed within a few hours or less (Johns et al. 2000a, b ) . When challenged with B. burgdorferi, the spirochetes are lysed in <1 h. In addition, a small (--5.3 kDa) peptide was reported to be induced (Johns et al. 2000a ). These . findings suggest the presence of a small peptide, perhaps capable of lysing bacteria alone or in concert with lysozyme (Kuhn and Haug, 1994; Koparek et al.1999 ).
The current study was done to determine the identity and characteristics of the inducible peptide observed in a tick and ascertain whether it may contribute to the tick's ability to control invading microbes. In this paper, we report the finding of a defensin in the hemolymph of the American dog tick, D. variabilis, the first such peptide reported from a tick.
MATERIALS AND METHODS

Ticks.
4
D. variabilis ticks were colonized as described by Johns et al. (1998) All tick inoculations with B. burgdorferi or B. subtilis were done as described by Johns et al. (1998) . Briefly, 15,000-20,000 bacterial cells in a 5 µI PBS (pH 7.4) suspension were injected into the hemocoel cavity of partially fed virgin female D. variabilis via the foramen between the capitulum and the anterior end of the scutum. A 50 µl Hamilton syringe (Hamilton, Reno, NV) with a 30-gauge hypodermic needle was used for the bacterial inoculations.
Hemolymph was collected by severing the forelegs at the coxal-trochanteral joint, applying gentle pressure on the tick's body and drawing the clear liquid expressed into a glass micropipette. Hemolymph was diluted 1: 1 in ice cold TBB containing 2 mM Phenylmethylsulfonyl Fluoride (PMSF) (Sigma). Then, the sample was centrifuged at 3,000 x g for 10 min, the supernatant (plasma portion) was retained and stored at -80°C until used for assay.
4. Protein Determinations.
The amount of protein in the samples was determined using either the BioRad Protein assay kit (BioRad, Richmond, Va.) 
6. Protein Purification.
To obtain the material needed for amino acid sequence determination, the peptide was isolated by means ofa 3-step procedure using Waters™ Sep-Pak® C1s cartridges (Milford, MA), reversed phase high performance liquid chromatography (RP-HPLC) and gel electrophoresis. The
SepPaks were conditioned first with HPLC grade methanol (J. T. Baker, Phillipsburg, NJ) and then with distilled water, 15% acetonitrile /0.1% trifluoroacetic acid (TFA) and finally with 0.1% TFA.
Following conditioning, crqde D. variabilis hemolymph plasma was diluted 2-fold with tick saline, (adjusted to pH 3.5) and loaded onto the cartridge. Next, the cartridges were eluted sequentially with 3 ml each of0.1% TFA, 15% acetonitrile/0.1% TFA, 60% acetonitrile/0.1% TFA and 1000/o acetonitrile at a elution flow rate of0.5 mVmin. Eluates were collected on ice and concentrated to dryness using a Centrivap vacuum evaporator (Labconco Corporation, Kansas City, MO). Samples were reconstituted in 50mM PBS, pH 5.7, and stored at -80°C. Aliquots were tested for antimicrobial activity by the microtiter inhibition assay and their protein profiles analyzed by SDS-PAGE. Further purification of the SepPak eluates with the greatest antimicrobial activity was done To assess the heat stability of the putative tick defensin, 10 µI aliquots ofHPLC-purified samples containing this peptide ( ca. 20 µg) were placed in microcentrifuge tubes and heated for 1 hour. The temperature range consisted of room temperature -25, 30, 40, 50, 60, and 70°C. Next, the heat-treated samples were pipetted into 3-mm wells on a TSA plate and seeded with B. subtilis as described by Johns et al. (2000c) . Following incubation at 37°C overnight, the bacterial lawn was inspected for zones of inhibition. Zone diameters were measured (mm) and recorded.
Bo"elia inhibition assay.
To assess the ability of the tick defensin to inhibit B. burgdorferi, 10 µI aliquots of HPLC-purified hemolymph samples containing the tick defensin or egg white lysozyme ( Hemolymph from D. variabilis females challenged by inoculation with B. burgdorferi was found to be strongly inhibitory for these bacteria when tested in microtiter well plates. Serial dilutions of the crude hemolymph plasma showed anti-B. subtilis activity to an 8-fold dilution (Table 1 a) . When hemolymph plasma from these ticks was examined by SOS-PAGE, two unique peptide bands were observed in the samples from ticks challenged with B. burgdorferi, but not in the samples from the sham-inoculated controls (Fig. 1 ) . These peptides had approximate molecular weights of 4 and 5 kDa, respectively. They were most strongly expressed within 1 h post-challenge. By 6 h or 18 h postchallenge, these peptides were barely detectable and there was little apparent difference in the protein profiles at these time intervals and the sham-inoculated controls. A protein band that co-migrated (approximately) with lysozyme showed greatly increased expression at 1 h post-challenge, less so at 6 and 18 h, when compared to the sham-inoculated control (Fig. 1) . Finally, there was almost no mortality when D. variabilis females were inoculated with either B. subtilis (2.1 %, n = 57) or B.
burgdorferi (0%, n = 18) during a 5-day incubation period. None of the sham-inoculated ticks died (n = 42).
Purification of the putative defensin from D. variabilis hemolymph.
Fractionation of hemolymph from B. burgdo,jeri-challenged females through C 18 SepPaks using 0.2M PBS and increasing strength acetonitrile solutions did not elute the tick defensin efficiently.
Weak inhibition was observed when the eluates were tested against B. subtilis in the microtiter well inhibition test (Table IA) and no evidence of the putative defensin was observed when the samples were separated by SOS-PAGE (Fig. 2) . Note that the lanes for the 15% and 60% acetonitrile/0.2M PBS were devoid of any evidence of this peptide band. However, when 0.1% TFA was used instead of PBS, the putative defensin and other small peptide bands were detected in both the 15% and 60% acetonitrile/0.1% TFA eluates (Fig. 2) . A total of85 mg ofhemolymph plasma was fractionated by the latter method, with a protein yield of 21 mg in the 15% fraction and 6 mg in the 60% acetonitrile fraction. The titer of the two fractions was 1 :32 and 1: 16, respectively. When considered on the basis of protein content (titer/mg protein), the 15% fraction showed a titer of 1.5/µg protein, whereas the 60% fraction showed a titer of3.6/µg protein (Table IA) . For the 60% fraction, the fraction of greatest interest, this represents a 19.9 fold level of purification (Table lB) .
The 60% acetonitrile eluates from the SepPak fractionation were pooled and further purified by RP-HPLC using a narrow bore C4 column. Two 1 min fractions collected at 5 and 7 min after the sample was injected showed antimicrobial activity against B. subtilis when assayed on agar plates (10 and 12 mm zones of inhibition, respectively). The HPLC chromatogram showed several peaks ( Fig. 3 ), including a peak at 7 min, which corresponded to the fraction showing the largest zone of bacterial inhibition. SOS-PAGE of these fractions showed a-5-kDa band, as well as at least 4 other higher molecular weight bands (data not shown). The protein content of the 7-minute fraction was estimated at 2. 3 mg. Anti-B. subtilis activity in microtiter well tests showed that the fraction had activity at a 1: 16 fold dilution. This represents an approximately 32-fold level of purification (Table   lB) . Further purification was done by RP-HPLC with a C1s column. Antimicrobial activity against B. subtilis was found in a single peak collected at 17.0 min after injection (Fig. 4) . When analyzed by SDS-P AGE, this fraction contained the 5 kDa band and a barely detectable band at -10 kDa (Fig. 5) .
Three 1 min fractions collected from the HPLC column immediately before, at and after peak detection indicated antimicrobial activity only in the fraction coincident with the 17.0 min peak, i.e., the fraction in which the 5-kDa peptide was most abundant. This fraction had a total protein content of0.19 mg. It was active against B. subtilis in the microtiter well inhibition test to a dilution ofup to 1:32, with an average titer of26.6. This represents a 619-fold level of purification (Table lB) , representing approximately 0.1 % of the total protein content of the hemolymph plasma from the challenged ticks. When ex~mined by SOS-PAGE, the HPLC fraction appeared to be highly purified, with the -5 kDa as the only major band present. Consequently, an aliquot of this fraction was submitted for molecular weight determination, and a gel slice containing the peptide excised from the PAGE gel was submitted for amino acid sequence determination.
3 .3 .Molecular characterization of the tick defensin.
MALOI-TOF done with the C1s fraction collected from the HPLC showed a single dominant peak with a molecular mass of 4,229 daltons, representing approximately 95% of the protein in the sample, and two very small peaks with masses of 4,615 and 9218 daltons (Fig. 6 ). Since the HPLC fraction was not absolutely pure, amino acid sequence determination was done on the band excised and eluted from the SOS-PAGE gel. N-terminal sequencing by the Edman degradation method gave a sequence for the first 30 amino acids as:
G-F-G-C-P-L-N-Q-G-A-C-H-N-H-C-R-S-I-(R)-(R)-(R)-G-G-Y-C-S-
Q-1-1-K. The amino acids in positions 19 -21 (noted in parentheses) were identified tentatively as arginine, since it was the only amino acid that increased even though the amount was very small. A computer database search showed that the peptide had 83% similiarity (identities 25/30) to a defensin found in a scorpion. We have named this tick defensin varisin to indicate that it is produced by D.
variabilis.
4 Thermostability of the tick defensin.
Examination of the zones of inhibition around the wells of the agar plate containing the heattreated HPLC fractions showed antimicrobial activity against B. subtilis for a temperature range from 25 -70° C. Notably, the zones of inhibition were greater for samples treated at the higher temperatures, from 40 -70° C, than at the lower temperatures (Fig. 7) .
3.5 Anti-Bo"e/ia activity of the tick defensin.
When tested against B. burgdorferi, the HPLC (C1s) purified def ensin fraction showed little inhibitory activity against the spirochetes within 1 h (2.1 % ± 1.8% inhibition), although this increased to 45 ± 5.6% by 24 h. In contrast, addition oflysozyme dramatically increased inhibitory activity to 66 ± 5.2% within 1 h, but did it not increase further, remaining at 63 ± 4.4% after 24 h. (Fig. 8) .
Discussion
Defensins are widespread throughout the animal kingdom, both in vertebrates and invertebrates. On exposure to bacterial challenge, they are induced rapidly and exhibit bacteriocidal/bacteriostatic activity against numerous bacteria (Gillespie et al., 1997; Beerntsen et al., 2000; Cociancich et al., 1994; Hoffman and Hetru, 1992; Lowenberger et al., 1995) .
Defensins are mostly small peptides (ca. 4 Kda), usually containing 6 cysteine residues. These peptides attack primarily gram-positive bacteria, leading to cell lysis by the formation of membrane penetrating channels (Gillespie et al.1997) or intramolecular bridges (Beemtsen et al. 2000) . In arthropods, defensins have been reported most frequently from the hemolymph, but can also occur in the midgut, e.g., in the mosquito where they are activated by Plasmodium ookinetes (Richman et al.1997) . Defensins are extremely potent; Hoffman and Hetru (1992) reported that exposure of Micrococcus /uteus for one minute to 0.5 µM of the peptide killed all of the bacteria in their test sample. This is the first report of a defensin isolated from a tick. Based on the molecular weight, 4229 daltons, the peptide may contain approximately 38 -40 amino acids. The sequence of the first 30
to the defensins of other invertebrates. Greatest similarity, 83%, was found with the defensin of a scorpion, Leiurus quinquestriatus (Cociancich et al.1993) , which like the ticks is a member of the arthropod class Arachnida. The scorpion defensin shows a high degree of similarity to the defensin from dragonflies of the ancient order Odonata. Remarkably," it also shows homology (70%) with the defensin from the Mediterranean mussel, Mytilus galloprovincialis with a molecular mass of 4418 and comprising 3 8 amino acids, including 8 cysteines (Hubert et al.1996) . Such similarities suggest that this subclass of defensins is highly conserved. Moreover, these reports show that small defensins similar in size to the tick defensin have been reported from a variety of different arthropods (Gillespie et al. 1997) . The only other report of a defensin from a chelicerate arthropod is that of tachylepsin from the tissues of horseshoe crabs (Kawabata et al. 1997 ). However, this novel (79 residues) defensin-like antimicrobial peptide also shows activity gram-negative as well as grampositive bacteria. Antimicrobial activity against gram positive bacteria and fungi was also found in the hemolymph and gut of the tick, Boophilus microplus, due to a fragment of alpha-hemoglobin, but this antimicrobial activity is the result of enzymatic digestion of host hemoglobin (F ogaca et al.
1999).
Most defensins are active only against gram positive bacteria (Gillespie et al.1997) . Thus, it is of interest that the tick defensin also showed activity against B. burgdorferi, especially when combined with chicken lysozyme. In a previous study, Johns et al. (2000a) observed that cell-free hemolymph from Bo"e/ia-challenged D. variabilis strongly inhibited B. burgdorferi (72%) whereas hemolymph from sham-inoculated ticks had little effect (11%). They also observed induction of a new peptide, ca. 5.3 kDa, now identified in the present study as the defensin varisin, as well as increased expression of a lysozyme-like peptide. However, without purification of the hemolymph antimicrobial peptides, they were unable to assess how tick defensin or lysozyme act to kill these spirochetes. Since lysozyme ( chicken) is not borreliacidal by itself but lysozyme plus tick defensin kills most borreliae within 1 h (Fig. 8) , we hypothesize that the ability of D. variabilis hemolymph to inhibit these bacteria may be due to a synergistic effect between these two peptides.
Defensins and other small molecular weight antimicrobial peptides of insects have been shown to act
as porins to open channels in the lipopolysaccharide layer of gram negative bacteria, thereby facilitating penetration of lysozyme and allowing for subsequent destruction of the bacteria ( Gillespie et al. 1997 ).
In a separate study, Jo~s et al. (2000 c) c To calculate the level of purification, the ratio of the titer/ protein concentration of the Sep-Pak fraction is divided by the ratio of the titer/protein concentration of whole hemolymph plasma.
